The aim of this study was to elucidate the in vitro response of ␥␦ T cells to Epstein-Barr virus (EBV)-infected B cells and to determine whether EBV-induced heat shock proteins (HSPs
Epstein-Barr virus (EBV) is the cause of heterophile antibody-positive acute infectious mononucleosis (AIM)
. Work by Tosato et al. revealed that the initial immune response to EBV during AIM is in large part dependent on non-HLA-restricted suppressor T cells (54, 60) . Later, during the resolution of infection, EBV antigen-specific, HLA-restricted cytotoxic T lymphocytes (CTLs) arise to generate longterm protective immunity (47) . Mechanistically AIM-induced suppressor T cells and CTLs appear to function as two separate T-lymphocyte populations. The suppressor T cells act to limit the spread of EBV-infected B cells by inhibiting their activation and proliferation, whereas the HLA-restricted CTLs specifically recognize and lyse EBV latent and lytic antigenbearing B cells (42, 60) . The nature or control of the suppressor T cells which arise during acute EBV infection is unknown; however, previous investigators have found a two-to threefold increase in the number of ␥␦ T cells, with a large proportion bearing the V␥9V␦2 T-cell receptor (TCR) in AIM patients at the time of maximum suppression of EBV-infected B-cell growth (19, 22, 25, 44) .
The T-cell repertoire in humans consists of cells bearing the ␣␤ TCR (greater than 90%) or the ␥␦ TCR (less than 10%) (15) . T cells bearing the manifold combinations of ␣␤ TCRs are the "work horses" of the immune system, serving in both helper and cytotoxic capacities. ␥␦ T cells, on the other hand, exhibit more-limited TCR repertoires and appear to recognize and respond to phylogenetically conserved antigens, including heat shock proteins (HSPs), alkylamines, and small nonprotein phosphate-containing compounds (10, 26, 62) .
Members of the HSP family were first identified by their marked increase in cells submitted to a heat shock stimulus (63) . Besides changes in temperature, other cell-stressing conditions that can elevate cellular HSPs include viral and bacterial infection, inflammation, trauma, or cell transformation. HSPs are highly conserved throughout phylogeny, with the various members ranging in molecular mass from 10 kDa to 100 kDa. The principal functions of HSPs encompass intracellular transport, protein folding, and protein oligomerization, as well as the elimination of protein aggregates or improperly folded proteins (63) . Recently, several members of the HSP family were found expressed on the surfaces of cells and shown to stimulate immune effector cells directly or to participate in the shuttling of whole antigen molecules to professional antigen-presenting cells (APC) in what is now referred to as "antigen cross-priming" (50, 61) . Peripheral blood B cells immortalized in vitro by EBV have been shown to express elevated levels of HSP70 and HSP90 when assayed by immunoblotting (11) . However, the question of whether these two HSPs or other HSP family members are expressed on the cell surfaces of acutely infected B cells and are capable of activating the immune system remains to be determined.
Since ␥␦ T cells increase in vivo during the acute stage of AIM and cell surface HSPs are known to stimulate ␥␦ T cells in other cell systems, we investigated whether B cells obtained from EBVseronegative individuals and infected with exogenous EBV express HSPs on their cell surfaces and whether autologous ␥␦ T cells respond to HSP. Positive findings for these two questions may suggest an explanation of how an acutely infected B cell signals its altered state to an EBV-naive immune system and initiates an acute immune response to EBV during AIM.
Surface expression of HSPs in EBV-immortalized lymphoblastoid cell lines (LCLs)
. HSP60, HSP70, and HSP90 have been shown to be important in stimulating ␥␦ T cells in vitro and in vivo (20, 40, 53) . HSP60 has also been found on the surface of EBV-infected Burkitt tumor cells (31) . In order to determine whether HSPs are expressed on the surface of EBVimmortalized LCLs, we performed both flow cytometric analysis and immunoprecipitation of 125 I-radiolabeled cell surface proteins using anti-human HSP monoclonal antibodies and EBV-immortalized LCLs from four adult donors. As seen in a representative fluorescence-activated cell sorting (FACS) profile, donor LCL 1618 exhibited 16% cell surface immunofluorescence reactivity following anti-HSP90 monoclonal antibody (Stressgen, Inc., Victoria, BC, Canada) staining but was nonreactive (less than 2%) to anti-HSP27, anti-HSP60, and anti-HSP70 monoclonal antibodies (Stressgen, Inc.) (Fig. 1A) . Analysis of three additional donor LCLs revealed that HSP90 surface immunopositivity was comparable to that for LCL 1618. LCLs were on average 11.5% Ϯ 4 standard errors of the mean (SEM) immunopositive when stained with anti-HSP90 monoclonal antibody, while anti-HSP70 and anti-HSP60 monoclonal antibodies were undetectable and anti-HSP27 monoclonal antibody exhibited 0.8% Ϯ 1 SEM positivity when assayed by flow cytometry, indicating that HSP90 cytofluorescence was unlikely to be a cell line-specific phenomenon.
In order to substantiate our HSP cytofluorometric findings, LCL 1618 cells were surface radiolabeled with Na 125 I and HSPs immunoprecipitated with our series of HSP-specific monoclonal antibodies. Briefly, 10 7 logarithmically growing LCL cells were banded on Ficoll-hypaque to remove dead cells and debris, washed with phosphate-buffered saline (PBS), and resuspended in 300 l PBS for iodogen-mediated (Pierce Chemicals, Rockford, IL) 125 I surface radiolabeling (500 Ci Na 125 I/ml, 50 mCi 125 I/mmol, New England Nuclear, Mississauga, ON) (24) . After a 15-min incubation at room temperature, cells were washed three times with PBS containing 0.25 mM NaI and lysed with 1 ml lysis buffer (50 mM Tris [pH 8.0], 0.5% NP-40, 140 mM NaCl, 5 mM EDTA, 5 mM phenylmethylsulfonyl fluoride). Cell lysates were centrifuged at 4°C for 10 min at 30,000 ϫ g to remove cell debris and nuclei and incubated on ice for 30 min with 5 g each of anti-human HSP27, anti-human HSP60, anti-human HSP70, or anti-human HSP90 monoclonal antibody. As a control to measure unintended 125 I labeling of internal cell proteins and to identify proteins which may nonspecifically bind to our immunoprecipitate complex, we utilized the isotype-matched monoclonal antibody S-12, which recognizes an intracellular carboxy-terminal epitope in the 63-kDa EBV latent membrane protein 1 (LMP-1) (36, 37). LMP-1 does not have a significant extracellular protein sequence, nor is LMP-1 predicted to expose an external tyrosine residue for potential 125 I labeling. As shown in Fig. 1B , anti-HSP60 and anti-HSP90 antibodies were able to immunoprecipitate 125 I-radiolabeled bands that migrated at 60 kDa and 90 kDa, respectively. No bands for the predicted molecular mass of HSP27 or HSP70 were observed when 125 I-radiolabeled cell protein lysates were incubated with anti-human HSP27 or HSP70 antibodies (Fig. 1B) . Other bands detected by autography were considered nonspecific, since these resulted from the immunoprecipitation process and appeared in all gel lanes irrespective of the antibody used. In reference to the anti-LMP-1 monoclonal antibody, S-12, it was noteworthy that no band was observed migrating at 63 kDa (Fig. 1B) , thus providing assurance that the HSP bands detected following 125 I surface labeling and immunoprecipitation were present originally on the cell surface and not the result of an inadvertent labeling of internal HSPs during experimental manipulation. The inability to detect cell surface expression of HSP70 was not due to a lack of expression in LCL 1618, since HSP70 along with HSP60 and HSP90 were easily detected when LCL 1618 protein lysates were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and immunoblotted with our series of anti-human HSP antibodies (Fig. 1C) . Although no HSP27 was detected by FACS, immunoprecipitation, and immunoblotting, the antibody used was reported to recognize HSP27 by immunoblotting (Stressgen, Inc.), which suggests that HSP27 was either not expressed or was expressed at a level below the detection limits of the assay.
Induction of ␥␦ T cells following acute EBV infection and their suppression following treatment with anti-HSP90 monoclonal antibody. ␥␦ T cells have been shown to increase during the acute phase of EBV infectious mononucleosis (19, 25) . In order to determine whether EBV was capable of stimulating ␥␦ T cells in vitro, we measured the change in ␥␦ T cell numbers over time following acute EBV infection of peripheral blood mononuclear cells (PBMCs). Briefly, PBMCs from EBV-seronegative donors were seeded at 5 ϫ 10 5 cells/ml, infected with a 200-fold-concentrated preparation of EBV (strain B95-8, CCL 1621; American Type Culture Collection, Rockville, MD) or mock infected (52) . PBMC aliquots were taken just prior to virus exposure (day 0) and on days 3, 7, 11, and 15 postinfection for staining with fluorescein isothiocyanate (FITC)-conjugated monoclonal antibodies specific for CD3 (pan T cell), ␣␤ TCR, or ␥␦ TCR (Pharmingen Canada, Inc., Mississauga, ON). As shown in a representative experiment, depicted in Fig. 2A , ␥␦ T cells increased from an initial 4.8% on day 3 postinfection to a peak of 10.2% on day 11 and remained elevated throughout the remainder of the experiment. Analysis of ␣␤ T cells indicated no significant change in their percentage of the T-cell population compared to mockinfected cells (Fig. 2B) . Analysis of three additional EBVseronegative blood donors revealed the same trend, with a maximum ␥␦ T-cell increase of 15.1% Ϯ 4.3 SEM on days 11 to 15 (Fig. 2C ) and less than a 4% change in the EBV-treated ␣␤ T-cell population compared to mock-treated PBMCs (Fig.  2C) . Mock-treated PBMCs also failed to show an increase in ␥␦ T cells during the 15-day time course (Fig. 2C) . Kaur et al. (1993) have shown that the Burkitt lymphoma cell line Daudi expressed HSP60 on its cell surface, which in turn was capable of stimulating ␥␦ T-cell clones to proliferate (31) . By contrast, when antibodies specific to HSP60 were added to cocultures consisting of V␥9V␦2 anti-Daudi T-cell clones, they observed an abrogation of ␥␦ T-cell proliferation (31) . To test whether the expression of ␥␦ T cells seen in vitro on days 11 through 15 was in response to B-cell surface HSP, EBV-infected PBMC cultures were treated, starting on day 8 and subsequently on days 10 and 13, with a monoclonal antibody cocktail (5 g of each anti-HSP antibody/ml) composed of anti-human HSP27, HSP60, HSP70, and HSP90 or with an equal amount of control monoclonal antibody S-12. Day 8 was selected as the first day of treatment, since it was a point of time noted as being just prior to the onset of ␥␦ T-cell increase in our cultures (Fig. 2A) . The percentage of ␥␦ TCR-positive cells was assessed on days 9, 11, and 14 by flow cytometry. As shown in Fig. 3A , addition of all four anti-human HSP monoclonal antibodies resulted in an 86% reduction in the level of ␥␦ T cells (P ϭ 0.01) compared with results with an equal amount of anti-S12
antibody. The inhibition of ␥␦ T cells by the anti-human HSP monoclonal antibody cocktail appeared not to be due to nonspecific cell toxicity. Cell viability in both the anti-human HSP antibody-treated and anti-S12 antibody-treated cultures remained at more than 70% when tested by trypan-blue exclusion throughout the course of the experiments. In order to determine which of the four HSPs was responsible for reducing ␥␦ T-cell expansion, anti-human HSP monoclonal antibodies were added individually to separate EBVinfected PBMC cultures. As shown in Fig. 3B , addition of anti-HSP90 to PBMCs resulted in a 91.5% reduction in the percentage of ␥␦ TCR-positive cells (P ϭ 0.03). The three other anti-human HSP monoclonal antibody preparations also caused some decline in the ␥␦ T-cell stimulation following EBV infection, but their effect was not as dramatic as that seen with anti-HSP90 (28% inhibition by anti-HSP60 and less than 5% inhibition for anti-HSP70 and anti-HSP27 antibodies) (Fig.  3B) .
In order to verify that our observed decrease in the percentage of ␥␦ TCR-positive cells was due to the direct interaction of the HSP90 antibody and cellular HSP90 and not due to the activation of an alternative mechanism or the presence of an unknown component within our antibody preparations, we performed a set of competition assays in which purified HSP90 (25 g/ml; Sigma-Aldrich, Oakville, ON.) was incubated for 1 h with the anti-HSP90 or anti-LMP1 antibody prior to its addition to our EBV-infected PBMC cell cultures on days 8, 10, and 13. Results indicated that the preincubation of HSP90 with anti-HSP90 antibody increased the percentage of ␥␦ TCR-positive cells from 3% (Fig. 3C , EBV ϩ HSP90 Ab) to 17% (Fig. 3C , EBV ϩ HSP90 Ab ϩ HSP90) on day 14 postinfection. This compared to cells treated with EBV, EBV plus LMP1 antibody, or EBV plus LMP1 antibody plus HSP90, which exhibited 20%, 17%, and 20.5% ␥␦ TCR-positive cells, respectively, on day 14 postinfection (Fig. 3C) . Inclusion of HSP90 reversed an inhibition of 82% (Fig. 3C ) (P ϭ 0.02; EBV versus EBV plus HSP90 antibody) to only 17% (Fig. 3C ) (P ϭ 0.001; EBV plus HSP90 antibody versus EBV plus HSP90 antibody plus HSP90). These results indicated that the anti-HSP90 antibody binding to exogenous HSP90 directly blocked the increase of ␥␦ TCR-positive cells in our cultures. Future studies will need to be performed to determine whether the inhibition displayed with the anti-HSP90 antibody was due to its site of action on EBV-infected B cells, antigen-presenting cells, including precursor dendritic cells and monocytes, or dying cells which released intracellular HSP90 (59) . However, these results, coupled with the data obtained for surface expression of HSPs in EBV-infected B cells (Fig. 1A and B) , suggest that expression of HSP90 on the surface of EBVimmortalized LCLs can stimulate ␥␦ T-cell proliferation.
Although the immunoprotective mechanisms operating during the early stages of acute EBV infection are likely to be multifactoral (35) , it is known that the initial immune protective response is partially dependent upon large numbers of non-antigen-specific, non-HLA-restricted CTLs that are thought to control EBV spread through growth suppression of the infected B cell (54, 60) . The rise of these suppressor T cells occurs concomitantly with a two-to threefold increase in ␥␦ T-cell numbers (19) . In vitro EBV immunology studies documented that maximum regression of EBV-infected B cells in PBMC cultures occurred between days 11 and 14 postinfection with a concomitant rise in ␥␦ T cells (44, 54) . This was not due to resident EBV-specific memory T cells, since the PBMCs used in those studies were derived from EBV-seronegative donors. Given the nonspecific nature of the in vitro suppression and a large-scale expansion of ␥␦ T cells following EBV exposure, one could postulate that the ␥␦ T cells were responding to a broadly stimulative factor present during AIM and also found following EBV infection of B cells in the in vitro cell cultures. Our results indicate that HSP90 and HSP60 were expressed on the surface of EBV-immortalized B cells (Fig. 1) and that the addition of anti-HSP90 antibody effectively re- versed the observed increase in the ␥␦ T-cell population following EBV exposure by days 11 to 14 postinfection (Fig. 3B) . Further, we could reverse the effects of anti-HSP90 antibody by addition of exogenous HSP (Fig. 3C) . Thus, our in vitro results confirm and extend earlier studies by showing that an increase in in vitro ␥␦ T-cell proliferation may be due in large part to a response to HSP90. Further work will be needed to determine whether the expanded ␥␦ T-cell population directly or indirectly suppresses the growth of EBV-infected B cells by serving as cytolytic T cells or provides some assistance in the generation of suppressor T cells (30) .
Much like their ␣␤ CD4 ϩ and CD8 ϩ T-cell brethren, ␥␦ T cells exhibit both helper and cytotoxic functions in vitro (1); however, the role of these cells in in vivo immunity is still unclear. It has been suggested that ␥␦ T cells act as both early sentinels of the immune system by providing immediate protection during the acute phase of infection and as bridging elements between the innate immune system and the adaptive immune arm to promote the emergence of long-term antigenspecific, HLA-restricted T cells (7, 16, 17, 23, 49) . The nature of the signaling molecule(s) which initiates the innate or adaptive immune response in ␥␦ T cells will vary depending upon the individual pathogen but can include conventional protein antigens or phylogenetically conserved molecules, such as the HSPs (7, 10, 16, 21, 26, 49, 62) . In the experiments reported here, it is likely that HSP90 signaled ␥␦ T cells through the HSP receptor molecule CD91 (2, 6) in conjunction with members of the scavenger receptor family (18, 46) and the Toll-like receptor family (56) (57) (58) . Support for this comes from the finding that ␥␦ T cells express members of the Toll-like receptor family (38) and the observation that ␥␦ T cells respond to HSP60 in Behcet's disease by the generation of suppressor and effector cells (20) . Interestingly, the literature appears to indicate that ␣␤ T cells do not express members of the HSP receptor family (6) , which may explain in part why the percentage of ␣␤ T cells did not change significantly during the course of the 14-day EBV infection. We also recognize that the PBMC population from our seronegative blood donors should have no ␣␤ memory T cells that would respond to the various EBV antigens, and this may also explain why we failed to observe a significant stimulatory response by this set of T cells (15) .
Although antigens that elicit classic CTL responses during the convalescence phase of infectious mononucleosis are principally comprised of the EBV nuclear antigen 3 (EBNA-3) and several lytic-cycle antigens (43) , one group of investigators has observed a very significant T-cell response to the Gly:Ala repeat domain of EBNA-1 (8) . This finding was quite surprising, since the EBNA-1 domain in question is well noted for its ability to block conventional antigen processing and is thereby thought to promote the escape of B cells harboring latent EBV from immune recognition (34) . Subsequently, this same group of investigators found that CTL recognition of EBNA-1 occurred after internalization of exogenous EBNA-1 through a process termed cross-priming (7) . Through use of this biological process, exogenous EBNA-1 would be captured initially by professional antigen-presenting cells (APC), which in turn represent EBNA-1 to CD8 ϩ T cells via the HLA class I pathway (27) . HSPs play a crucial role in antigen cross-priming by acting both as shuttle molecules for exogenous antigen and as direct stimulants of T cells by prompting APC cytokine secretion (50) . Based upon several in vitro model systems which measured the response of memory T cells to ovalbumin peptide or tumor-related peptides, it would appear that HSPs are capable of presenting peptide epitopes during lytic infection through the mechanism of antigen cross-priming (4, 39, 48) , which results in a strong proliferative and effector response in these T cells. Further, it was noted in these various studies that the peptides must be bound to HSPs for maximal response by the memory T cells. From our in vitro finding that anti-HSP90 antibody abrogated ␥␦ T-cell proliferation in EBV-infected cultures and the knowledge that HSP90 is a principal chaperone involved in antigen cross-priming, proinflammatory responses, and cell targeting by both NK and ␥␦ T cells in vitro and in vivo (5, 13, 29, 33, 40, 45, 50, 51) , we hypothesized that HSP90 may also be involved in cross-priming of EBV antigens, particularly EBNA-1 (12, 64) . The finding that anti-HSP90 blocked the EBV-induced increase in ␥␦ T cells suggests that HSP90 is important in the stimulation of ␥␦ T cells and serves as an immune sentinel trigger during acute virus infection or as an aid in the generation of EBV-specific T cells during AIM convalescence (3). This conclusion follows directly from data suggesting that HSPs were expressed on the surfaces of EBVinfected tumors and other tumor types and were found to augment APC maturation and growth factor expression (9, 14, 21, 41, 50, 55) . The resolution of the viral infection and the arrest of tumor cell growth are two important functions of the immune system. Our identification of intercellular signals and T-cell responses which occur after in vitro EBV infection will hopefully lead to a greater understanding of how ␥␦ T cells respond and possibly limit the spread of virally transformed cells. We are grateful to Marie Blagdon for the FACS analysis.
